The work addresses 2D and 3D turbulent transonic flows past a wall with an expansion corner. A curved shock wave is formed upstream of a cylinder located above the corner. Numerical solutions of the Reynolds-averaged Navier-Stokes equations are obtained on fine meshes with a finite-volume solver of the second order accuracy. The solutions demonstrate the existence of adverse free-stream Mach numbers which admit abrupt changes of the shock position at small perturbations. This is explained by an instability of the closely spaced sonic surface and shock wave on the wall.
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Introduction
In the 1990s and 2000s, transonic flow simulations revealed an instability of double supersonic regions on airfoils or flattened bumps in a channel [1] [2] [3] [4] [5] [6] . The instability results from an interaction between the shock, which terminates the aft supersonic region, and the sonic line, which is a front of the rear supersonic region.
The origin of the instability is seen from considerations of a double supersonic region in the steady inviscid flow. Indeed, the distance d between the sonic line and normal shock on the airfoil (Fig. 1a) decreases as the free-stream Mach number M ∞ >1 gradually increases. However it cannot vanish because the flow is strictly subsonic behind the shock, therefore the shock and sonic line cannot have a common point on the airfoil. As a consequence, when M ∞ exceeds a certain value, the shock jumps downstream and creates a coalescence of the aft and rear supersonic regions, see Fig. 1b . In the 3D flow over wings, the supersonic regions may coalesce either gradually or abruptly, depending on the wing sweep angle [7] . Recently Kuzmin [8] studied transonic flow in a channel where a shock is formed due to a bend of the upper wall, while the sonic line arises due to an expansion corner of the lower wall. A dependence of the shock wave instability on the velocity profile given at the inlet was discussed. In practice, such a problem occurs, e.g., in supersonic intakes which encounter variations of the incoming flow because of the atmospheric turbulence or a maneuvering flight of aircraft.
In this paper we address a similar problem in which the upper wall is replaced by a cylinder whose axis is normal to the plane (x,y).
Formulation of the problem and a numerical method
A wall with an expansion corner of 10° is given by the expressions
Above the wall, there is a circle of radius r whose center resides at a height h=0. Simulations of 3D flow were performed in a domain created by an extrusion of the 2D domain in the z-direction from z=0 up to z=1. A hybrid mesh was constituted by 3.2×10 6 prisms in 39 layers on the wall, cylinder and side boundaries, and by 18.1×10 6 tetrahedrons in the remaining region.
The solver was verified by computation of a few commonly used test cases, such as transonic flow over RAE 2822 airfoil [10] , ONERA M6 wing [11] , and in a channel with a circular-arc bump and a curved shock on the bump [8] . The calculated flow fields were in good agreement with numerical and experimental data available in the literature.
Shock wave position versus M ∞ for the cylinder of radius r = 0.01
First, we suppose the free stream is uniform and parallel to the x-axis. Then the xand y-components of the inflow velocity are 
where M ∞ (t)= (1+δ sin(2 π t /T )) M mid .
If M mid =1.11 and δ=0.0045248, then M ∞ (t) oscillates between 1.105 and 
This is explained by the shock instability and the switching between flow patterns which correspond to the upper and lower parts of Plot 2 in Fig. 4 . We notice that interval (2) The coordinate x sh of 3D shock is calculated at y=0.17 in the midspan section z=0.5 of the channel. A comparison of Plots 2 and 4 shows that, though the side walls influence the shock considerably, a jump of the 3D shock is similar to the one in 2D flow. Figure 6 illustrates the shock and sonic surface locations at M ∞ =1.143. . There is no boundary layer separation from the wall at 1.09 ≤M ∞ ≤1.18.
Conclusion
The numerical simulations of shock wave and sonic line/surface locations near the expansion corner have revealed jumps of the shock position at adverse free-stream Mach numbers. The jumps become stronger when the corner shifts upstream of the cylinder which generates the shock. The phenomenon is true for both turbulent and inviscid flows. 3D flow simulations confirm the findings.
